A few riders have adopted a rather exceptional and more aerodynamic sprint position where the torso is held low and nearly horizontal and close to the handle bar to reduce the frontal area. The question arises how much aerodynamic benefit can be gained by such a position. This paper presents an aerodynamic analysis of both the regular and the low sprint position in comparison to three more common cycling positions. Computational fluid dynamics simulations are performed with the 3D RANS simulations and the transition SST k-ω model, validated with wind-tunnel measurements. The results are analyzed in terms of frontal area, drag coefficient, drag area, air speed and static pressure distribution, and static pressure coefficient and skin friction coefficient on the cyclist surfaces. It is shown that the drag area for the low sprint position is 24% lower than for the regular position, which renders the former 15% faster than the latter. This 24% improvement is not only the result of the 19% reduction in frontal area, but also caused by a reduction of 7% in drag coefficient due to the changed body position and the related changes in pressure distribution. Evidently, specific training is required to exert large power in the low sprint position.
Introduction
The greatest potential for improvement in cycling speed is situated in its aerodynamics [1] . At racing speeds (about 54 km/h or 15 m/s), the aerodynamic resistance or drag is about 90% of the total resistance [2] [3] [4] . In sprints, however, higher speeds can be achieved, above 70 km/h. In general, professional cyclists use sprint positions that are focused on generating maximum power output, while less or no attention is given to aerodynamics (Fig. 1) . These positions generally do not differ that much from each other and are mainly a function of rider and bicycle geometry. However, in the past years, a few riders have adopted a rather exceptional sprint position where the torso is held very low, nearly horizontal, and close to the handle bar to reduce the frontal area, as shown in Fig. 1 for one particular rider. While it is clear that specific training will be required to exert maximum power in such a position, the question arises how much aerodynamic benefit can be gained by such a position.
Aerodynamic drag in cycling can be assessed by field tests, wind-tunnel measurements, and numerical simulation by computational fluid dynamics (CFD). The use of CFD in sports aerodynamics in general, and in cycling in particular, has seen a rapid growth in the recent years (e.g., [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). As opposed to field tests and wind-tunnel measurements, CFD allows whole flow-field data to be obtained under controlled conditions and is easily amenable to parametric analysis. Different CFD approaches can be applied to cycling aerodynamics, including large eddy simulation (LES) and Reynolds-averaged Navier-Stokes (RANS). While LES intrinsically has the potential to provide more accurate and more reliable results, this potential has not fully materialized due to the higher complexity and higher sensitivity of LES to the wide range of computational parameters to be set by the user and due to its much higher computational cost [16] . Indeed, most CFD simulations in cycling aerodynamics in the past were performed based on the RANS approach.
The previous CFD or wind-tunnel studies in cycling aerodynamics have focused on cyclists in different types of race or time trial positions, either isolated or followed by the other cyclists, motorcycles, or cars (e.g., [2-8, 12, 17-27] ). Recent studies have also focused on paralympic tandem cycling [14, 28] , paralympic handcycling [29] , and even on full cyclist pelotons [9] . However, to the best of our knowledge, no previous study specifically focused on the aerodynamics of sprint positions. This paper presents an aerodynamic analysis of both the regular and the low sprint position in comparison to three more common cycling positions. CFD simulations were performed with the 3D RANS simulations and the transition SST k-ω model, and validated with wind-tunnel measurements. The results are analyzed in terms of frontal area, drag coefficient, drag area, air speed and static pressure distribution, and static pressure coefficient and skin friction coefficient on the cyclist surfaces.
Cyclist positions
The focus was on the two sprint positions, as shown in Fig. 2a , b. However, for comparison purposes, three additional positions were added. The cyclist geometry was obtained by scanning a cyclist in dropped position using an Eva structured 3D light scanner [30] . The same athlete was used for all the scans to avoid anthropometric bias. Written consent of the scanned athlete was obtained, and the procedure of scanning, processing the body geometry, and reporting the results was approved by the ethical board committee. The athlete had a height of 1.83 m and a weight of Fig. 2 , along with the frontal area A and seven characteristic angles specifying the position on the bicycle. Crank angles for all positions are about 5°, while, for "Sprint low", it is about − 5°. The legs of the cyclist were static and both wheels of the bicycle were fixed. The bicycle geometry was simplified, specifically concerning the front forks, wheel hubs and spokes, pedals, cranks, and handlebars. Some elements of the bicycle were neglected as they were considered small enough not to influence the characteristic flow around it. These included the chains, sprockets, and also brake and gear cables and mechanisms. The cyclist and bicycle surface were considered to be smooth (zero roughness). While it is clear that the power that can be exerted by the athlete will be different for each of these positions, these five positions were analyzed to provide a more extensive aerodynamic comparison.
CFD simulations-part I: validation

Wind-tunnel measurements
For two of the five cyclist positions, wind-tunnel experiments were conducted in the framework of a foregoing project and these were used for the validation study in the present paper: "Back horizontal" and "Back down" (Fig. 2d , e). The wind-tunnel measurements were performed in the aeronautical section of the wind tunnel at the University of Liège in Belgium. The cross section of the test section was W × H = 2 × 1.5 m 2 . A dedicated setup with an elevated sharp-edge horizontal plate and embedded force balance was developed and installed in the wind tunnel to limit boundary-layer development. The models were manufactured from ABS (acrylonitrile butadiene styrene) using CNC milling, resulting in smooth surfaces. To fully accommodate the models in the wind tunnel at a blockage ratio below 5%, they were constructed at scale ¼, yielding a blockage ratio below 3.5%. Tests were performed at 60 m/s to ensure Reynolds number similarity with the (full scale) CFD simulations and with reality at 15 m/s cycling speed. Drag in cycling is often quantified by the drag area AC d (m 2 ), which is the product of the frontal area of the cyclist (A) and the drag coefficient (C D ). It relates the drag force (F d ) to the dynamic pressure (ρU ∞ 2 /2):
where ρ is the air density (kg/m 3 ) and U ∞ is the approachflow air speed (m/s). As no cross wind, head, or tail wind were considered, U ∞ represented the cycling speed. The drag force, i.e., the horizontal component parallel to the wind direction and bicycle, was measured using a force
transducer with a conservative maximum error estimate of 1.24 N with 95% confidence level, although the actual precision was expected to be much better [31] . Note that this error included both systematic and random errors, and that systematic errors were removed by biasing prior to every measurement. The data were sampled at 10 Hz for 180 s. During the measurements, air temperature, speed, and atmospheric pressure were recorded to correct the measurements to the reference values of 15 °C, 15 m/s, and 101,325 Pa as in the CFD simulations. The measurements were also corrected by subtracting the drag of the horizontal model support plate as well as for blockage using the expressions for solid blockage by Barlow et al. [32] . The boundary-layer height was 6 cm, which was below the feet and pedals of the cyclist. The longitudinal turbulence intensity of the approach flow was lower than 0.2%. The measurement results will be reported together with the CFD results in a later subsection.
Computational geometry, domain, and grid
CFD simulations were performed for the two positions tested in the wind tunnel. The full-scale cyclist and bicycle geometries were placed in a computational domain, the size of which was determined based on the best practice guidelines [33, 34] , yielding L × W × H = 33.79 × 16.49 × 9. 73 m 3 . The upstream, downstream, and lateral distances of the domain faces to the model were 7.94 m, 23.93 m, and 7.95 m, respectively. The maximum blockage ratio was 0.2%, which was well below the recommended maximum value of 3% [33, 34] . The directional blockage ratios were below the maximum of 17% [34] . As a result, no blockage corrections were applied to the CFD simulations. The grids were generated based on the grid generation best practice guidelines in CFD [33] [34] [35] [36] and on specific guidelines for cycling aerodynamics as determined by extensive sensitivity analyses by Mannion et al. [14] and Blocken et al. [9] . These analyses pointed to the requirement for a wall-adjacent cell size of at least 20 μm at the cyclist and bicycle surfaces and a prismatic boundary-layer mesh of 40 layers of incremental thickness with a maximum growth ratio of 1.1. These requirements were necessary to fully resolve the thin viscous/laminar sublayer and the buffer layer, and to correctly reproduce boundary-layer separation, reattachment, and laminar-to-turbulent transition. The dimensionless wall unit y* was generally lower than 1. Outside the 40 layers, tetrahedral and/or prismatic cells were used. Figure 3 illustrates the grids for the two positions on the cyclist and bicycle surfaces and in the vertical centerplane.
Boundary conditions
At the inlet, a uniform 15 m/s velocity was set with a turbulence intensity of 0.2%, representative of the relative air movement due to cycling at this speed in still air (zero wind speed). It was assumed that the cyclist was riding on a flat and straight road. The cyclist and bicycle surfaces were modeled as smooth no-slip walls corresponding to the smooth surface finish of the wind-tunnel models. A slip wall was imposed at the bottom boundary of the domain and symmetry conditions at the side and top boundaries of the domain. At the outlet, zero static gauge pressure was imposed.
Approximate form of governing equations and solver settings
The 3D RANS equations were solved with the Langtry-Menter 4-equation transition shear stress transport (SST) k-ω model [37, 38] , which is based on coupling the SST k-ω transport equations with two additional transport equations, one for the intermittency and one for the transition onset criteria, in terms of momentum thickness and Reynolds number. This model was applied here with inclusion of curvature correction and with production limiters [39] . Pressure-velocity coupling was taken care with the coupled scheme, pressure interpolation was second order, and the second-order discretization schemes were used for both the convection terms and the viscous terms of the governing equations. A second-order discretization scheme was also applied for the four turbulence model equations. The gradients were computed with the Green-Gauss cell-based method [39] . The simulations were performed with the commercial CFD code ANSYS Fluent, release 16. The pseudo-transient under-relaxation method was employed with 6000 time steps of 0.01 s. Results were obtained by averaging over the last 5000 pseudo-transient time steps.
Results
The CFD results are compared with the wind-tunnel results in terms of drag area in Fig. 4 . For the "Back down" position, the deviation between CFD and wind-tunnel measurements was 2.2% and within the error range of the measurements. For the "Back horizontal" position, however, the deviation was 7.2% and outside the measurement error range. The reason for the latter and larger deviation is not fully clear. It is possible that the separation points/lines on the surface of this particular model were located at positions where the resulting drag is more sensitive to a small shift in these positions, and, hence, more difficult to reproduce computationally. Nevertheless, the magnitude of the drag area was predicted fairly well for both positions (< 10% deviation) as well as the decreasing trend from position "Back horizontal" to "Back down", and, therefore, the same computational parameters and settings were retained for the parametric study in the next section. Note that the CFD simulations were performed for an approachflow wind speed of 15 m/s and that the wind-tunnel measurements were performed for an approach-flow wind speed at 60 m/s at reduced scale (quarter scale), corresponding to 15 m/s at full scale. Sprint speeds, however, will generally be significantly higher. CFD simulations for the two different cyclist positions were also performed for 20 m/s (72 km/h) and 25 m/s (90 km/h) which yielded nearly the same drag areas for every position (deviations below 0.5%).
CFD simulations-part II: parametric analysis
Computational geometry, settings, and parameters
In total, CFD simulations were performed for five different positions, i.e., the two sprint positions ("Regular" and "Low"), the two positions of the validation study and the position "Back up" (Fig. 2) . The simulations were performed at full scale. The computational domain had a size according to best practice guidelines [33, 34] : L × W × H = 33.79 × 16.49 × 9.73 m 3 . The upstream, downstream, and lateral distances of the domain faces to the model were identical to those in Sect. 3.2. The maximum blockage ratio was 0.2%, which is well below the threshold of 3% [33, 34] . The directional blockage ratios were below the threshold value of 17% [40] . Given these low blockage ratios, the CFD simulations were not corrected for blockage. The grids were similar to those outlined in Sect. 3.2. The total cell counts were approximately 28 × 10 6 , 30 × 10 6 , 31 × 10 6 , 38 × 10 6 , and 38 × 10 6 for "Sprint regular", "Sprint low", "Back upwards", "Back horizontal", and "Back down", respectively. Figure 5 shows grid details for the position "Sprint low", including the high-resolution near-wall grid with cell sizes down to 20 μm and the 40 prismatic grid layers. The solver settings (approximate form of the governing equations, turbulence model, boundary conditions, discretization schemes, etc) were identical to those in Sect. 3.4. It was again assumed that there was no cross wind, head, or tail wind, and that the cyclist was riding on a flat and straight road. Figure 6 compares the frontal area, the drag coefficient, and the drag area for the five positions. The numerical values are listed in Table 1 . The frontal area is largest for the "Sprint regular" position, and smallest for the "Back down" position. Compared to the "Sprint regular" position, the "Sprint low" position has a 19% lower frontal area. However, the frontal areas of the "Back horizontal" and "Back down" positions are even lower, 20% and 26%, respectively, compared to the "Sprint regular" position. However, these are not really sprint positions. The drag coefficient is also largest for the "Sprint regular" position, followed by the "Back up" and "Back down" position, and smallest for the "Sprint low" position. Compared to the "Sprint regular" position, the "Sprint low" positions had a 7% lower drag coefficient. Finally, the product of frontal area and drag coefficient yields the drag area. The drag area was highest for the "Sprint regular" position and lowest for the "Back down position". Compared to the "Sprint regular" position, the drag area of the "Sprint low" position was 24% lower, and that of the "Back down" position was 28% lower. The lower drag area for the "Sprint low" position was not only caused by the lower frontal area, but also by the lower drag coefficient. The drag area reduction for the "Sprint low" position compared to the "Sprint regular" position can be translated into a speed increase for the former compared to the latter position. If we assume that the cyclist exerts the same power in both positions and that all resistive forces are identical in both positions, the drag forces in both positions will be identical, as well, and Eq. (1) can be applied to yield:
Results and discussion: drag coefficient, drag area, and speed
where U 1 and U 2 are the cycling speeds in positions 1 (sprint low) and 2 (sprint regular), respectively, and (C d A) 1 and (C d A) 2 are the drag areas in positions 1 and 2, respectively. Application of Eq. (2) for (C d A) 1 = 0.234 m 2 and (C d A) 2 = 0.308 m 2 yields U 1 = 1.147 U 2 , indicating that the cycling speed in position "Sprint low" is about 15% higher than in position "Sprint regular", on condition that the same power is exerted in both positions. Figure 7 displays the contours of mean air speed and mean static pressure coefficient in the vertical centerplane. The static pressure coefficient is defined as follows:
Results and discussion: mean air speed and mean static pressure coefficient
where P is the mean static pressure and P 0 the reference static pressure (= atmospheric pressure). Note that the C p colorbar was cut at − 0.5 and + 0.5 to better highlight the pressure gradients. The lower position in Fig. 7b clearly leads to a less high wake and a lesser disturbance of the
flow. In addition, because the torso is at the same height of the saddle, the saddle is in the wake of the torso and not exposed to strong wind as in Fig. 7a . Figure 7c shows that the low-pressure area above the cyclist is more pronounced and that there is a separate low-pressure area behind the saddle, which generates an additional resistance force, while, in Fig. 7d , pressure gradients around the saddle are more limited. Although the contours provide a first indication of the aerodynamic performance of the two positions, more information can be gained from the mean pressure coefficient and the mean skin friction coefficient on the cyclist and bicycle surfaces. Figure 8 displays the mean surface pressure coefficient and Fig. 9 shows the mean surface skin friction coefficient. In general, the surface pressure coefficient is the highest at the areas of direct flow impingement and stagnation, i.e., the front part of the helmet, arms and legs. It is lowest directly downstream of the separation lines, i.e., the shoulders, the sides of the arms, legs, and the back of the lower torso. However, the separation and recirculation area on the shoulders, arms, legs, and back of lower torso extends further downstream than indicated by the dark blue color in Fig. 8 . The larger extent of this area is shown by the mean surface skin friction coefficient in Fig. 9 . Indeed, the lowest C f values Low C f is also found at the upwind stagnation zones, i.e., at the front part of the helmet, shoulders, upper arms, and legs. Comparing both sprint positions in Fig. 8 , it is clear that the areas of high pressure on the front of the body were more pronounced for the "Sprint regular" position. Due to the inclination of the upper arms and lower legs, high pressure at these positions was less pronounced for the "Sprint low" position. In terms of low-pressure areas, the low pressure at the lower back of the cyclist was less pronounced for the "Sprint low" position. Concerning the bicycle, the different exposure of the saddle also contributed to the difference between the two positions. These aspects result in a C d that is 7% lower for the "Sprint low" position compared to the "Sprint regular" position.
Results and discussion: mean surface pressure coefficient and mean surface skin friction coefficient
For bodies of relatively simple geometry, changes in the mean skin friction coefficient can indicate where the boundary layer undergoes a transition from laminar over transitional to turbulent. However, for more complicated bodies and the resulting complex flows with streamline curvature, separation, recirculation, and reattachment, as in cycling aerodynamics, it is difficult to extract such information. On the other hand, C f values can help to indicate the extent of separation and recirculation areas and positions of reattachment. Moreover, the contribution of skin friction to the overall drag is low. For the "Sprint regular" position, the drag consists of 97.1% form drag (related to C p ) and 2.9% skin friction drag (related to C f ). For the "Sprint low" position, these percentages are 95.8% and 4.2% for form and skin friction drag, respectively. Note, however, that zero surface roughness was adopted in the CFD simulations and, therefore, actual values for skin friction drag contributions are expected to be somewhat higher.
Limitations and further work
Although this study was based on high-resolution and validated CFD simulations applied for different cyclist positions, there are also some limitations related to the choice of cyclist model. The cyclist positions were all based on the scans of the same person with given body characteristics. This was done to allow a comparison between the different positions and to remove anthropometric bias. Although the values of the frontal area, drag coefficient, and drag area will differ for different athletes, it is expected that the trends found in the present study will be similar for different athletes, although the precise numbers will undoubtedly vary. It is expected that the largest deviations from the present study will occur for cyclists that are at the extremes of the anthropometric spectrum, i.e., very tall or very short athletes, or athletes with very large or small leg/torso ratio. Although the athlete in the "Sprint low" position in Fig. 1 (Caleb Ewan) is considered to be rather at one of the extremes of the anthropometric spectrum, the athlete in our study, who is clearly not at this extreme given his height and weight, did not have much difficulty in assuming the "Sprint low" position. Nevertheless, future research should focus on the aerodynamic performance of sprinting positions by athletes with different anthropometric characteristics.
The CFD simulations and the wind-tunnel measurements in the present paper had static legs and the wheels were fixed. During a sprint, a high pedaling frequency is achieved. Earlier research has shown that the aerodynamic drag of a pedaling cyclist, averaged over one pedaling revolution, is similar to that of the same cyclist with the crank almost horizontal [41] . Nevertheless, the high pedaling frequency is expected to have an influence on the resulting drag areas, although this influence could be expected to be similar for the "Sprint regular" and "Sprint low" positions if the pedaling frequency is the same in both positions. In addition, during a sprint, the torso generally undergoes lateral movements, which were also not included in the present study. An indication of the effect of rotating wheels was provided by Blocken et al. [9] where it was shown that, for the cyclist in "Back up" position, the CFD simulation for the static wheels yielded a drag force of 36.06 N, while the simulation for the same geometry with rotating wheels yielded 37.30 N. This small difference would indicate that wheel rotation is not a major factor in the aerodynamic drag of an isolated cyclist, at least in the absence of cross wind.
All CFD simulations and wind-tunnel measurements in this study assumed that the cyclist(s) was/were riding in still air, so no head wind, tail wind, or cross wind is present.
Future research should investigate, especially, the effect of cross wind on the drag area of different cyclist sprint positions.
Other simplifications in this study included the steadystate calculations (in spite of the pseudo-transient approach) and the assumption that the cyclist surfaces were smooth; so no special skinsuits with roughness texture were included. The use of such skinsuits can further reduce the drag areas. Figure 3 indicates that the mesh resolution in the wake is fairly coarse. Even though this resolution resulted from grid sensitivity studies in the previous publications that included several different cyclist positions [9, 42, 43] , further research is needed to determine how near-wake grid resolution affects the computed drag and surface pressure distributions for sprint positions.
This study did not consider potential differences in power that can be exerted by cyclists in different positions. It is evident that exerting maximum power in the "Sprint low" position is less straightforward than in the "Sprint regular" position, and that the former will, therefore, require much more dedicated training. In the past, investigations concerning the relation between cyclist drag and power output were performed by Grappe et al. [44] , Underwood et al. [45] , and Fintelman et al. [46] [47] [48] . Future studies should definitely address the effects of different cyclist sprint positions on power and on optimizing aerodynamic drag and power output.
Conclusions
Computational fluid dynamics (CFD) simulations were performed to assess the aerodynamic benefit that can be gained by adopting a sprint position where the torso is held low and nearly horizontal and close to the handle bar with the main intention to reduce the frontal area. The results were analyzed in terms of frontal area, drag coefficient, drag area, air speed and static pressure distribution, and static pressure coefficient and skin friction coefficient on the cyclist surfaces. It was shown that the drag area for the low sprint position was 24% lower than for the regular position, which rendered the former 15% faster than the latter. This 24% improvement was the combined result of a 19% reduction in frontal area and a 7% reduction in drag coefficient. The reduction in drag coefficient was related to changes in the distribution of the mean pressure coefficient.
In the regular sprint position, the areas of high pressure on the front part of the body were clearly more pronounced. Due to the inclination of the upper arms and lower legs, high pressure at these positions was less pronounced for the "Sprint low" position. The contours of C p and C f were used to highlight the location and the extent of separation and recirculation areas. The upstream part of these areas was indicated by low C p , while the downstream part was indicated by low C f . These areas are important, because they are characterized by low pressure (suction). It was shown that the low pressure at the lower back of the cyclist was less pronounced for the "Sprint low" position, leading to lower C d .
Evidently, specific training is required to exert large power in the low sprint position. Future research should focus on analyzing sprint positions by athletes with different anthropometric characteristics, including pedaling and including cross wind effects, and on the maximum power that can be exerted in particular positions.
